INTRODUCTION
Banded iron formations (BIFs) are chemical sedimentary rocks characterized by alternating silica-and iron-rich bands (e.g., Beukes and Klein, 1990; Klein, 2005; Bekker et al., 2010; Li, 2014) . The least metamorphosed BIFs commonly consist of chert, magnetite, hematite, carbonates (siderite, dolomite-ankerite), greenalite, stilpnomelane, and riebeckite (Bekker et al., 2014) . None of these minerals represents original BIF sediment; rather, they formed during diagenesis and metamorphism (e.g., Bekker et al., 2010 Bekker et al., , 2014 . For instance, chert (microcrystalline quartz) was initially deposited as amorphous silica, or as silica fl occulated with ferric oxyhydroxides (e.g., Siever, 1957 Siever, , 1992 Fischer and Knoll, 2009) . In terms of the iron component, the presence of both ferric and ferrous iron-containing minerals gives BIFs an average oxidation state of Fe 2.4+ (Klein and Beukes, 1992) . Whether this redox state represents that of the water column from which the primary materials precipitated, or whether it represents postdepositional alteration remains unclear. The uncertainty largely stems from the controversial origin of hematite, or for that matter, ferric iron in BIFs. It is generally accepted that hematite in the unmineralized BIF sediments is a dehydration product of a ferrihydrite precursor (Ahn and Buseck, 1990; Morris, 1993; Pecoits et al., 2009; Bekker et al., 2010) precipitated in the photic zone via enzymatic Fe(II) oxidation (e.g., Widdel et al., 1993; Konhauser et al., 2002; Kappler et al., 2005) or O 2 -oxidation facilitated by cyanobacteria (e.g., Konhauser et al., 2002 Konhauser et al., , 2007 . However, it has also recently been suggested that the primary precipitates of BIFs were microgranules (<~4 μm) of iron silicates similar to smectite rather than ferric oxyhydroxides, and hematite was a result of postlithifi cation fl uid circulation during which the infi ltrated O 2 -bearing meteoric fl uids oxidized ferrous iron to hematite (Krapež et al., 2003; Rasmussen et al., 2013 Rasmussen et al., , 2014 . In this scenario, the ocean should have been more reducing than previously suggested .
To provide new insights into this issue, we report here on petrographic observations and detailed high-resolution electron microscopic investigations of hematite from two major minimally metamorphosed BIFs: the (1) uppermost part of the Hunter Mine Group in the Abitibi greenstone belt in Canada, and (2) Kuruman Iron Formation of the Transvaal Supergroup in South Africa.
GEOLOGICAL BACKGROUND AND SAMPLES
The Abitibi belt is the world's largest Archean greenstone belt (300 × 700 km 2 ) located in the Superior Province of the Canadian Shield (Fig. 1) . It is an arc terrain composed of volcanic successions (Mueller et al., 1996 (Mueller et al., , 2009 ). Based on lithology and tectonic and metamorphic evolutionary histories, the Abitibi greenstone belt was divided into northern and southern volcanic zones (Chown et al., 1992) . The Hunter Mine Group is located on the southern margin of the northern volcanic zone, which, is bounded by the east-trending Destor-Porcupine-Manneville fault (Fig. 1) . Overlain by the StoughtonRoquemaure Group, the Hunter Mine Group is a complex of volcanic and sedimentary rocks, locally displaced by north-trending faults or intruded by dikes (Fig. 1, e. g., Mueller et al., 1996; Mueller and Mortensen, 2002 Mueller and Mortensen, 2002) . Oxide (chert-jasper-magnetite) and carbonate facies BIFs constitute part of the Hunter Mine Group. Previous fi eld studies have shown that the two BIF facies are only spatially but not temporally related (e.g., Chown et al., 2000) . The oxide facies was directly derived from fl uids seeping from volcanic sediments during periods of volcanic quiescence, whereas the carbonate facies formed by in situ hydrothermal replacement of chert-tuff beds (e.g., Chown et al., 2000) . It was further suggested that only the oxide facies could be used as an indicator of the depositional environment, and its age could be approximated from the hosting volcanic rocks as 2730-2728 Ma (Chown et al., 2000; Mueller and Mortensen, 2002) . The Abitibi BIF used in this study is from the oxide facies iron formation in the uppermost part of the Hunter Mine Group (Fig. 1) . The whole Abitibi belt was metamorphosed to subgreenschist to greenschist facies during a regional metamorphism event that postdated movements along the PorcupineDestor fault (Powell et al., 1995) .
The Transvaal Supergroup in South Africa consists of the Ghaap and Postmasburg Groups. The Ghaap Group is overlain by a diamictite (interpreted as glacial till) with low-angle unconformity, and it is underlain by the ca. 2715 Ma Ventersdorp Supergroup. It is subdivided into Campbellrand and Asbestos Hill Subgroups (Beukes, 1984) . The Kuruman Iron Formation is from the Asbestos Hill Subgroup, consisting of ankerite and banded chert at its base, with rhythmically banded chert, iron oxides, and siderite at its middle part, and intraclastic BIF at its top. The Kuruman BIF sampled for this study is a drill core collected from the middle part of the Kuruman Iron Formation near the Hotazel area (Simondium-3; Fig. 2 ), ~100 km northwest of the Klipfontein asbestos mine. Stilpnomelane-rich mudrocks intercalated with BIF are interpreted to represent episodic volcanism accompanying the deposition of precursor BIF sediments. The U-Pb zircon age of the stilpnomelane-rich tuffaceous mudstones was thus used to constrain the age of the BIF to 2460 ± 5 Ma (Pickard, 2003) . The similarity in age and lithology between the Kuruman Iron Formation and the Brockman Iron Formations in the Hamersley Basin of Western Australia has led to the assumption that these two BIFs either formed on the same continent (e.g., Cheney, 1996; de Kock et al., 2009) or were products of global-scale magmatic events (e.g., Barley et al., 1997) . Both are amongst the best-preserved BIFs in the early Precambrian. Thermo dynamic calculations of the stability fi elds of minerals (Miyano and Beukes, 1984) .
METHODS
The petrographic data were collected with both an optic microscope (OM) and electron microscopes. The optic microscopy, including transmitted and refl ected light imaging of thin sections, is for observations at a relatively larger scale (tens of micrometers to a few millimeters), while the electron microscopy is for observations on delicate textures and mineralogical structures at micro-and even nanoscales. Apart from microscopic observations, energy dispersive X-ray spectroscopy (EDS) and selected area electron diffraction (SAED) methods were applied to determine mineral chemical compositions and crystal structures. Minerals were identifi ed on the basis of their optical properties and EDS and SAED patterns. The electron microscopes used in this study include a Hitachi S-4800 FEG and a Hitachi S-3400N variablepressure scanning electron microscope (SEM) equipped with EDS detectors (operated at 5 kV and 20 kV) and a FEI Tecnai G2 20 S-Twin scanning transmission electron microscope (STEM; operated at 200 kV) equipped with EDS and SAED systems. Samples for SEM observations were fi rst polished by 120-4000 grit abrasive paper, and then a thin layer on their surface was peeled off to reveal a fresh part for immediate observation.
Based on the OM and SEM results, microand nanocrystals were selected for in situ TEM-SAED characterizations. These TEM samples were fi rst mechanically polished to a thickness of a few micrometers and then further milled to be less than 1 μm in thickness by a 4.0 kV argon ion-beam on a GATAN precise ion polishing system. To extract pure hematite from the iron-rich bands, the samples were ground and immersed in ethanol to make a suspension. The upper fraction of the suspension was loaded onto a copper grid for TEM-SAED-EDS analysis.
RESULTS

Petrographic Observations
Both BIFs consist of hematite, chert, magnetite, carbonates (siderite to ferro-dolomite), stilpnomelane, and apatite. Except for apatite, microbands of these minerals were observed, with thicknesses ranging from a few micrometers to a few millimeters ( Fig. 3 ; Li, 2014) . The iron-and silica-rich banding structures extend throughout the specimen; they can even extend on April 27, 2015 gsabulletin.gsapubs.org Downloaded from kilometers laterally in the fi eld (Morris, 1993) . By contrast, the carbonate and stilpnomelane microbands only occur locally as diffusive or discontinuous laminae within the chert matrix. Between the chert-and iron oxide-rich bands, transitional bands made of both chert and iron oxides exist.
Chert is the most abundant phase in both BIFs, appearing either as pure microbands (Figs. 3A and 5A) or as matrix around other minerals. It was also commonly observed as remnants within other minerals, such as ferroan dolomite. Due to diagenesis and/or low-grade metamorphism, the chert in the Abitibi and Kuruman BIFs appears as tightly compacted polyhedrons (Li et al., 2013b) .
Hematite in both BIFs exists in three forms. The fi rst consists of aggregates of nanosized particles in the iron oxide-rich bands (H1). The second is made of submicrometer hematite crystals within a chert matrix in what we describe as a "transitional zone" between the iron oxide-and chert-rich bands (H2). The H2 crystals are randomly distributed in the chert rather than having preferential orientation along structures such as fractures or layer boundaries (Figs. 4A-4B). The third is made of needle-like grains showing radial orientations (H3; Figs. 4C-4D). Each hematite needle is tens to hundreds of micrometers in length and ~5 μm in width. Different from H1 and H2, H3 is preferentially aligned along fractures, as well as bands of carbonate or stilpnomelane (Fig. 3D ). H3 grains are commonly truncated or were formed as a replacement of stilpnomelane and carbonates (Figs. 4C-4D).
Optical microscopic observations reveal that carbonates in both BIFs commonly occur as micrometer-sized (10-30 μm) particles (Fig.  5B ), or anhedral to subhedral crystals that are tens to hundreds of micrometers in size (Fig.  5C ). These particles have irregular cores of chert remnants, while the anhedral to subhedral crystals are cut by magnetite. Combined SEM observations under backscattered electron mode (BSE) and EDS results further reveal that the crystals are ferroan dolomite/ankerite with varying Fe/(Mg + Ca) ratios: The bright areas have higher Fe/(Mg + Ca) ratios than the dark areas (Fig. 5D ). Disseminated carbonates replacing the chert matrix ( Fig. 5E ) and remnant carbonate surrounding subhedral to euhedral magnetite crystals (Fig. 5F ) were also observed under SEM. Both were rarely observed under the traditional OM due to their small sizes and rare occurrence.
Magnetite appears as large subhedral to euhedral crystals (tens to hundreds of micrometers in size) disseminated within hematite-rich layers or transitional zones (Figs. 4A-4B, 4D, 5B-5D, and 5F-5G), or as crystals aligned to form microbands (tens to hundreds of micrometers in thickness; Figs. 3A-3B, 3E, 5A, and 5C; Li, 2014) . Magnetite crystals frequently overgrow other minerals such as stilpnomelane or carbonates.
Stilpnomelane mainly occurs as discontinuous microbands in the matrix of chert, iron oxides, or carbonates. The stilpnomelane crystals show radiating forms and are commonly replaced by H3 or overgrown by magnetite crystals (Fig. 5G) .
Apatite is a minor phase in both BIFs. It was only observed under SEM or STEM of high spatial resolutions with generally two forms: one consists of nanosized particles and microscale radial fl owers (Li et al., 2013c; Sun et al., 2014) ; the other is large, euhedral to anhedral crystals of tens to hundreds of micrometers in size (not shown), and these crystals frequently truncate microbands or cut other minerals.
High-Resolution Characterization and SAED Analysis of Hematite
TEM and SAED analysis of hematite in the iron oxide-rich bands (H1) reveals that it consists of aggregates made of numerous 3-5-nmsized ultrafi ne hematite nanocrystals. Figure 6A is a fragment of H1, ~200 nm in size, along with its SAED pattern (inset of Fig. 6A ). The SAED pattern shows several diffraction rings matching (hkl) indexes of (104), (110), (113), (202), and (116) of hematite in the X-ray powder diffraction database (PDF86-0550; Table 1 ). Highresolution TEM observations of this fragment demonstrate that it is made of numerous 3-5 nm lattice fringe domains, each of which represents on April 27, 2015 gsabulletin.gsapubs.org Downloaded from one nanocrystal. The 3-5 nm lattice fringes are further confi rmed to be hematite by having 3.7 and 2.7 Å d-spaces corresponding to (012) and (104) of hematite (Fig. 6B) . The fast Fourier transform (FFT) yielded the same result (inset in Fig. 6B ).
Hematite crystals in the transitional zones (H2) have mineralogical features distinct from H1. High-resolution SEM observations show that the H2 crystals are randomly distributed within the chert matrix, without any preferential direction such as layering planes or fractures. They are scattered monocrystals ranging from 100 to 800 nm in diameter (500 ± 300 nm in average), with subhedral to euhedral morphologies (e.g., rhombohedra; Figs. 7A-7B). Nanoscale dislocations or fractures are widely observed in chert, forming networks or trails connecting to these hematite crystals (Fig.  7D) . Some of the fractures are pinned with tiny "strained" bubble structures that represent the previous presence of water ( Fig. 7D; e.g., Meng et al., 2009) . Such dislocations and fractures are potential pathways for structural water to percolate within the chert (Bakker and Jansen, 1990) . Chemically, only elements Fe and O were detected by EDS in these fi ne particles, indicating their pure iron-oxide compositions. Forty particles with various morphologies were analyzed by SAED. They all yielded regular spot arrays matching diffraction patterns of hematite monocrystals (Figs. 7E-7F) .
Under high-resolution TEM, most H2 crystals display clean surfaces and homogeneous interiors, while the remainder contain a number of fi ner euhedral hematite crystals, ~20-30 nm in size. For example, in one hematite crystal of ~800 nm in size (Fig. 8A) , there are a few euhedral nanosized crystals, the crystal faces of which are delineated by the straight boundaries of the lattice fringe domains (Fig. 8B) . The SAED pattern of this euhedral hematite crystal yields bright regular spot arrays matching hematite monocrystal from the zone axis (-4,-8,1) (Fig. 8C) . In addition to the bright regular spots, there are dimmer spots as well in the background, making weak but discernible circles overlapping some of the bright spots belonging to the diffraction pattern of the large hematite monocrystal (Fig. 8C) . The d-space represented by the innermost circle is 2.66 Å, corresponding to (104) of hematite. Similar hematite particles of 20-30 nm in size are also observed in chert surrounding the subhedral to euhedral hematite (Figs. 8D-8E ). The SAED of their aggregates yields several rings representing (hkl) indexes of (104), (110), (113), (202), (018), (208), and (134) of hematite in the X-ray powder diffraction database (PDF86-0550; Fig. 8F ; Table 1 ).
DISCUSSION
Mineral Paragenesis
According to the petrographic observations, a mineral paragenetic sequence can be deduced for both BIFs. The earliest mineral phases preserved are (1) chert, (2) hematite in the iron oxide-rich microbands (H1), and (3) submicrometer hematite (H2) in the chert matrix of Fe-Si transition zones. Replacement of the chert matrix by carbonate and the chert remnants in the center of the carbonate granules suggest that carbonate formed later than the chert. Both carbonates and stilpnomelane appearing as discontinuous microbands in the chert matrix have been interpreted as having formed during diagenesis to low-grade metamorphism (Li, 2014) . Similar overprinting patterns of the original sediments were also reported in the Dales Gorge Member (Li, 2014) . The preferential distribution of H3 along the fractures and carbonate/stilpnomelane microbands, and the truncation and/or replacement structures of carbonate and stilpnomelane by H3 collectively imply that H3 hematite postdates both carbonate and stilpnomelane . This hematite was probably formed by some fl uid-mediated processes during or after diagenesis-metamorphism, and thus it has a similar genesis as that from the Dales on April 27, 2015 gsabulletin.gsapubs.org Downloaded from Gorge BIF or hematitic ores (e.g., Morris, 1980; Taylor et al., 2001; Rasmussen et al., 2007; Beukes et al., 2008) .
The euhedral magnetite crystals of tens to a few hundreds of micrometers in size formed even later, since they grow over nearly all other minerals and even form microbands that obscure the original hematite bands. Carbonate remnants surrounding the subhedral to euhedral magnetite crystals (Fig. 5E ) imply that the magnetite crystals might have grown larger at the expense of carbonate (3FeCO 3 + H 2 O → Fe 3 O 4 + 3CO 2 + H 2 ) under high temperatures (>230 °C; Kaufman et al., 1990) . Alternatively, both carbonate and magnetite could have formed from older Fe(III) minerals (e.g., ferrihydrite) through Fe(III) reduction coupled to the oxidation of buried organic matter (e.g., microbial cell biomass) during diagenesis to low-grade metamorphisms at temperatures up to 250 °C (e.g., Viswanathiah et al., 1980; Koehler et al., 2013; Li et al., 2013a; Posth et al., 2013a Posth et al., , 2013b . In this case, the magnetite and carbonate may have a similar age (Li, 2014) . This observation is consistent with the experimental study in which magnetite crystals in BIFs were interpreted to form by three steps: beginning with Fe(III) reduction of initial ferric iron-rich sediment coupled to the oxidation of the decayed phytoplankton, followed by magnetite crystal aging, and ultimately pressuretemperature-induced abiotic enlargement of the biogenic magnetite during metamorphism (Li et al., 2013a) . Apatite crystals of tens to hundreds of micrometers in size belong to the youngest minerals formed. They are reminiscent of similar apatites from the ca. 3.8 Ga Akilia and Isua supracrustal rocks, West Greenland, which have a metamorphic origin (Lepland et al., 2002; Nutman and Friend, 2006) .
Formation of Hematite
Based on the high-resolution electron microscopic analyses, we infer that the ultrafine hematite particles in H1 are similar to those making up the hematite nanospheres from the ca. 2.5 Ga Marra Mamba BIF of Hamersley, Australia, which formed through dehydration of a precursor ferrihydrite phase during early diagenesis (Ahn and Buseck, 1990) . The absence of recrystallization is robust evidence that they are well preserved despite later-stage fl uid alterations and modern weathering processes.
For submicrometer hematite crystals (H2), we suggest that they are also "primary" (where the word "primary" used here refers to the ferric iron inherited from the original minerals precipitated from seawaters; they are not necessarily the original minerals themselves) for the following reasons: (1) They are randomly scattered within the chert matrix rather than showing preferential distributions, such as within fractures or band boundary surfaces; (2) they only appear in transition zones between the iron oxide-and chert-rich bands, indicating that they formed in a continuously changing environment rather than in later-stage fl uid channels; and (3) they have contrasting features to the "secondary" hematite, which is usually closely related to other iron-bearing minerals, for example, microplaty hematite coexisting with goethite and radial/colloform hematite on the surface of magnetite (Morris, 1993 (Morris, , 2012 . These features are more reminiscent of H3 reported here, and the grains replacing stilpnomelane . We suggest that the H2 crystals are also dehydration products of ferric oxyhydroxide precursors, but they differ from H1 by having undergone a coarsening process. The 20-30 nm fi ne particles are relics of the intermediate phase during coarsening. The coarsening process might have been promoted by the surrounding chert, which not only clustered the hematite fi ne particles (Cornell et al., 1987) , but also released water from its structure during amorphous silica to quartz transformation (e.g., Frondel, 1982; Meng et al., 2009 ). The structural water in chert could have been preserved for a long geological time (e.g., Frondel, 1982; Meng et al., 2009 ).
Mobilization of the structural water during diagenesis or low-grade metamorphism facilitates the coarsening of the ultrafi ne hematite crystals via Ostwald ripening in which competitive growth takes place through dissolution and subsequent recrystallization (Morse and Casey, 1988) . The trails and dislocations (Figs. 4C-4D ) connecting the hematite crystals in chert are likely such paths for water to reach the iron minerals. In contrast to the H2 crystals in the chert matrix, H1 in the iron-rich bands lacked internal water, so that it remains ultrafi ne.
Implications for the Depositional Model of BIFs
To understand the depositional processes underpinning the genesis of BIFs, it is essential to discern their original mineral compositions. Ferric oxyhydroxides, such as ferrihydrite, have previously been suggested as original minerals precipitated from the oceanic water column (e.g., Ahn and Buseck, 1990; Konhauser et al., 2002 Konhauser et al., , 2007 . However, it has also been suggested instead that iron-silica microgranules were the primary precipitates (Rasmussen et al., 2013 . In our samples, the widespread occurrence of primary hematite (H1 and H2) demonstrates that at least part of the hematite in Neo archean to Paleoproterozoic BIFs is primary, and this implies ferrihydrite could be a precursor mineral. Besides ferrihydrite, amorphous silica, siderite, and Fe-rich/Al-poor silicates {e.g., greenalite [ 2 n(H 2 O)]} are also considered as candidates of original minerals, with the silica and siderite being the precursor of chert/quartz and ferroan dolomite, respectively, and the other minerals having transformed to stilpnomelane (Klein, 2005; Bekker et al., 2014) .
The existence of ferric oxyhydroxide as a precursor mineral indicates that, in the anoxic, ferruginous ocean in which BIFs were deposited, Fe(II) oxidation did take place (Posth et al., 2014) . It has been proposed that Fe(II) was either oxidized enzymatically by phototrophic Fe(II)-oxidizing bacteria (e.g., Widdel et al., 1993; Konhauser et al., 2002; Hegler et al., 2008; Wu et al., 2014) or abiotically by cyanobacteriaproduced oxygen (e.g., Konhauser et al., 2002 Konhauser et al., , 2007 . The pervasive distribution of alternating silica-and iron oxide-rich bands in BIFs refl ects a background condition in which seawater was saturated with silica or iron that was likely hydrothermally sourced (Bekker et al., 2014) . Ferrihydrite-rich sediment layers formed when the supply or the oxidization rate of Fe(II) overwhelmed the precipitation rate of silica due *Ultrafi ne particles in iron-rich bands (see Fig. 6A ). † Fine particles (20-30 nm) in the quartz of transition zones (Fig. 8F) . § N.A.-not applicable.
on April 27, 2015 gsabulletin.gsapubs.org Downloaded from on April 27, 2015 gsabulletin.gsapubs.org Downloaded from to seasonal cycling or temperature fl uctuations (e.g., Holland, 1973; Morris, 1993; Posth et al., 2008) , while silica-rich layers formed at times when Fe(II) oxidation was not favored. Biomass deposited along with silica and ferric iron onto the seafl oor was buried as a source of easily oxidizable organic carbon. Concomitantly, episodic variations in seawater geochemistry (e.g., pH, Eh, temperature, solutes), fl uctuations in hydrothermal fl uxes, or changes in magma chamber activities led to considerable deposition of minerals other than silica and ferric (oxy)hydroxides (e.g., siderite and greenalite; Klein, 2005; Bekker et al., 2014) . For instance, increased supply of dissolved inorganic carbon (Bolhar et al., 2005) coupled with decreased pH (lower than 7; Harder, 1978) caused by enhanced submarine volcanic activities may have facilitated considerable precipitation of siderites and Ferich silicates (e.g., Konhauser et al., 2007) .
After the deposition of precursor minerals, diagenesis and/or low-grade metamorphism transformed the primary iron oxyhydroxides to more stable phases, such as hematite (Koehler et al., 2013; Posth et al., 2013a Posth et al., , 2013b . In the presence of Fe(II), ferrihydrite to hematite transformation could be promoted in a solid state (Liu et al., 2005) . The structural water of chert is much more resistant to temperature and pressure increases than the water associated with ferric oxyhydroxides, so that it could be preserved even to the later stages of diagenesis or low-grade metamorphism. As the sediments underwent increased temperature-and pressureinduced changes during burial, water mobilized from the chert facilitated the coarsening of the ultrafi ne hematite particles in it (Fig. 9 ). In contrast, hematite particles in the iron oxide-rich bands remained ultrafi ne due to the lack of water. With increased temperature and pressure, the buried organic matter (biomass) was oxidized coupled with the reduction of Fe(III) to Fe(II) (Koehler et al., 2013; Posth et al., 2013a Posth et al., , 2013b . This process supplied Fe(II) for the formation and coarsening of the large euhedral magnetite crystals, and perhaps some of the Fe(II)-containing silicates as well (e.g., Walker, 1984; Konhauser et al., 2005; Li et al., 2013a) . In terms of siderite, Mg and Ca from pore waters or much later secondary fl uids could have replaced part of the Fe(II), forming ferroan dolomite with varied Fe/(Mg + Ca) ratios. The external fl uids introduced through fractures or layer boundaries could remobilize elements in the primary sediments, leading to the formation of secondary minerals via recrystallization or replacement, such as H3 and similar hematite in hematite-rich ores (e.g., Morris, 1980; Taylor et al., 2001; Rasmussen et al., 2007; Beukes et al., 2008) . The source of ferric iron in H3 is unclear. It could either have been inherited from the Fe(III)-bearing precursors, or it might have come from the Fe(II)-containing silicates oxidized by oxic fl uids introduced much later in time (Rasmussen et al., 2013 .
CONCLUSIONS
Based on detailed petrographic observation, high-resolution TEM characterization, and mineral structural analysis by SAED, three types of hematite are identifi ed in the 2728 Ma BIF from the Abitibi greenstone belt located in the Superior Province in the Canadian Shield and the 2460 Ma Kuruman Iron Formation in South Africa: (1) hematite comprising 3-5 nm nanocrystals in the iron oxide-rich bands (H1), (2) submicrometer subhedral to euhedral hematite crystals randomly distributed in transition zones between the silica-and iron oxide-rich bands (H2), and (3) needle-like, fi brous or radial hematite replacing stilpnomelane or carbonate, and distributed along the fractures or microbands of carbonate and stilpnomelane (H3). The fi rst two types of hematite were inherited from primary ferric iron precipitates (e.g., ferrihydrite) and were mineralized during early diagenesis of the BIF via dehydration. H1 is similar on April 27, 2015 gsabulletin.gsapubs.org Downloaded from to the hematite nanocrystals forming the microspheres in the ca. 2.5 Ga Marra Mamba Banded Iron Formation of Hamersley, Australia. H2 underwent a coarsening process facilitated by internal fl uids mobilized during the transformation of the initial amorphous silica to quartz. H3 is a secondary mineral that formed during a latestage, fl uid-mediated replacement of carbonate and iron-containing silicates. The identifi cation of both primary and secondary hematite in the studied BIFs suggests that at least part of the hematite inherited ferric iron from initial ferric oxyhydroxides, and, therefore, Fe(II) oxidation, via either a biotic or abiotic mechanism, did occur in the overlying seawater from which the BIFs were deposited.
